ABSTRACT CALCB, ADM, and ADM2 are potent vasodilators that share a seven-transmembrane GPCR, calcitonin receptor-like receptor (CALCRL), whose ligand specificity is dictated by the presence of one of the three receptor activity-modifying proteins (RAMPs). We assessed the relative pharmacologic potency of these peptides in mesenteric artery smooth muscle cells (VSMCs) and the specific RAMP that mediates the effect of ADM in VSMCs. VSMCs, with or without RAMP knockdown, were treated with CALCB, ADM, or ADM2 in the presence or absence of their antagonists, CALCB 8-37 , ADM , and ADM2 17-47 , respectively, to assess the relative effect of peptides on cAMP production and their pharmacologic potency. Proximity ligation assay was used to assess the specific RAMP that associates with CALCRL to mediate the actions of ADM in VSMCs. All three peptides induced cAMP generation in VSMCs and the order of their potency is CALCB . ADM . ADM2. Effects of CALCB were blocked by CALCB 8-37 , ADM effects were blocked by CALCB 8-37 and ADM2 17-47 but not ADM , and ADM2 effects were blocked by all three antagonists. Knockdown of RAMP2 was ineffective, whereas knockdown of RAMP3 inhibited ADMinduced cAMP production in VSMCs, suggesting involvement of RAMP3 with CALCRL to mediate ADM effects. Absence of both RAMP2 and RAMP3 further increased CALCB-induced cAMP synthesis compared to control (P , 0.05). ADM increased CALCRL and RAMP3 association and RAMP3 knockdown inhibited the interaction of ADM with CALCRL.
INTRODUCTION
Calcitonin gene-related peptides (CALCB1 and CALCB2), adrenomedullin (ADM), and intermedin/adrenomedullin 2 (ADM2) belong to the calcitonin family of peptides [1] [2] [3] [4] [5] . Although these peptides have little sequence homology, they share a similar secondary structure, consisting of an amino acid ring formed by a single disulfide bond and an amidated carboxyl terminus [3, [6] [7] [8] . In addition to their structural similarities, the receptors for these peptides consist of components that are commonly shared by these peptides, further adding to the functionality overlapping. Recent studies implicate involvement of CALCB family peptides in multiple essential roles in a variety of functions, including cardiovascular adaptations during pregnancy and utero-placental functions to facilitate a successful and healthy pregnancy [9] [10] [11] [12] [13] [14] [15] .
CALCB, ADM, and ADM2 are potent vasodilators that share the signaling mechanisms in vascular endothelium and smooth muscle [15] [16] [17] [18] . We reported previously that vascular relaxation effects of these peptides are greater during pregnancy compared to the nonpregnant state and that their signaling pathways involve the cAMP/Akt pathway in smooth muscle cells and cAMP/calcium calmodulin signaling in endothelial cells [15] . Among the three peptides, CALCB effects are primarily observed in smooth muscle cells that are antagonized by CALCB antagonist CALCB , whereas ADM is shown to exert its effects on both endothelium and smooth muscle cells and the majority of ADM2 effects on the vasculature appear to be endothelium dependent [15] [16] [17] [18] . Pharmacological evaluation shows that the effects of ADM in endothelium and smooth muscle are blocked by the antagonists CALCB and ADM , respectively, whereas the endothelial effects of ADM2 are blocked by antagonist ADM2 in segments of the rat mesenteric artery [13, 17, 19] .
A hetero-dimeric receptor complex consisting of a seventransmembrane (7TM) G protein-coupled receptor (GPCR), calcitonin receptor-like receptor (CALCRL), and one of the receptor activity-modifying proteins (RAMPs) mediates the biological actions of these peptides. Activation of these receptors leads to the stimulation of intracellular cAMP synthesis. McLatchie et al. [20] showed that transport of CALCRL by RAMP1 to the plasma membrane forms a CALCB receptor, which is antagonized by CALCB [8, 11, 20] . Translocation of CALCRL by RAMP2 or RAMP3 results in ADM receptors, where the association of CALCRL with RAMP2 results in ADM 1 receptor and CALCRL with RAMP3 forms the ADM 2 receptor. Studies of the reconstituted CALCB and ADM receptors in yeast have suggested that the antagonists CALCB and ADM are selective for the CALCRL/RAMP1 and the CALCRL/RAMP2 and CALCRL/ RAMP3 associations, respectively [21] . Interestingly, unlike CALCB and ADM, ADM2 actions are mediated via formation of a hetero-dimeric complex of CALCRL with any one of the three RAMPs. However, actions of ADM2 are more potent in the presence of CALCRL/RAMP1 or CALCRL/RAMP3 compared to CALCRL/RAMP2 receptor complex. A truncated form of ADM2, ADM2 , is the suggested antagonist of ADM2, which is capable of blocking the effects of CALCRL/ RAMP1, CALCRL/RAMP2, or CALCRL/RAMP3 [3] . Thus, ADM2 functions through CALCB and ADM receptors, and therefore some of the effects of ADM2 are antagonized by both CALCB and ADM antagonists. Although binding of these peptides to their 7TM-GPCR, CALCRL, is the prime requirement for their biological activity, presence of RAMPs is critical for their signaling [22, 23] .
In recent years, ADM and CALCB and their respective receptors have gained considerable attention and have become targets for new drug development [24, 25] , but their progress is hampered by the complex nature of the involved receptor system. As a result, despite clear evidence of an important role for ADM in vasorelaxation, the mechanism of ADM action and the specific RAMP that mediates ADM effects in smooth muscle cells are unknown. Both CALCB and ADM are reported to be more potent than ADM2 in many of the vascular beds [15] [16] [17] [18] . Although the majority of the functional effects of ADM are mediated through CALCRL/RAMP2 or CALCRL/ RAMP3, it is not clear which RAMP is specific for ADMinduced vascular effects in rat mesenteric artery smooth muscle [9, 13, 18, 19, [26] [27] [28] . Therefore, the goal of this study was to demonstrate the relative pharmacologic effects of CALCB, ADM, and ADM2 in vascular smooth muscle cells isolated from rat mesenteric artery and characterize the specific RAMP that mediates the effects of ADM in these cells.
MATERIALS AND METHODS

Animal Welfare and Ethical Statements
All procedures were approved by the Animal Care and Use Committee at the University of Texas Medical Branch in accordance with the National Institutes of Health Guide for the Care and Use of Laboratory Animals and were approved by the Animal Research Ethics Committee of Baylor College of Medicine. All studies involving animals are reported in accordance with the ARRIVE guidelines for reporting experiments involving animals [29, 30] . Nonpregnant rats were obtained from Harlan Sprague Dawley. Rats were maintained in the colony room with a fixed photoperiod of 12L:12D and with access to water and rodent chow ad libitum and euthanized when needed.
Isolation of Mesenteric Artery Smooth Muscle Cells and Cell Culture
VSMCs were harvested from enzymatically dissociated rat mesenteric arteries as per the method described [31] . All procedures were carried out under aseptic conditions. The superior mesenteric artery with all its major branches was excised, en bloc, from its origin at the aorta to the mesenteric border of the intestine and placed in a Petri dish containing ice-cold Hanks balanced salt solution (HBSS, Ca 2þ and Mg 2þ free) with 0.2 mM added Ca 2þ . The cleaned mesenteric artery arcades (from at least two animals) were transferred into a 50-ml plastic tissue-culture flask containing 4.0 ml of enzymatic dissociation mixture: HBSS (Ca 2þ and Mg 2þ free) with 0.2 mM added Ca 2þ , 15 mM HEPES buffer (pH 7.2-7.3), 0.125 mg/ml elastase, 0.375 mg/ml soybean trypsin inhibitor, 1 mg/ml collagenase, and 2 mg/ml bovine albumin. After incubation at 378C for 90 min in a gyratory shaker water bath, the tissues were triturated 10 times into a 10-ml plastic syringe with a 16½-gauge needle and passed through a 100-lm nylon mesh to separate the dispersed cells from undigested vessel wall fragments and debris. The filtered suspension was centrifuged in a siliconized conical plastic tube for 5 min at 200 3 g, and the pellet was washed once with Dulbecco modified Eagle medium (DMEM) with all supplements. The cell pellet was resuspended in 5 ml of DMEM (high glucose) supplemented with 25 mM HEPES buffer, 2 mM L-glutamine, 100 U/ ml penicillin, 100 lg/ml streptomycin, and 10% (vol/vol) heat-inactivated calf serum, and the dispersed cell suspension was aliquoted into a 25-cm 2 flask. After 18-24 h, the cultures were washed once with HBSS. Cells were cultured in DMEM containing 10% serum with media changes at 48-72-h intervals and typical confluent monolayers formed within 7 days. Each preparation typically yielded 5-6 3 10 5 cells with 80%-90% viability assessed by trypan blue exclusion. VSMCs were maintained at 378C in a humidified incubator in an atmosphere of 95% air and 5% carbon dioxide and studied at subconfluence (2 days after they had been plated). Before experimentation, cells were rendered quiescent by deprivation of serum and maintained in a serum-free medium for 24 h. Cyclic AMP generation and proximity ligation assay (PLA) studies show consistent responses through the sixth passage and beyond.
RAMP Knockdowns in Mesenteric Artery Smooth Muscle Cell
VSMCs (passage 3-5) from mesenteric artery were cultured in six-well plates and transfected with a 19-nt short hairpin RNA (shRNA) sequence specific for rat RAMP 1 , RAMP 2 , or RAMP 3 (Origene) by nucleofection using a nucleofection kit specific for primary smooth muscle cells as per manufacturer's instructions (Lonza). A universal scramble shRNA provided by the company was used as the control. Briefly, after nucleofection, cells were transferred to complete growth medium (DMEM [high glucose] supplemented with 25 mM HEPES buffer, 2 mM L-glutamine, 100 U/ml penicillin, 100 lg/ml streptomycin, and 10% [vol/vol] heat-inactivated calf serum) for 24 h, followed by addition of puromycin (3 lg/ml; Sigma) for selection of cells transfected with shRNA. The effect of shRNA transfection on target gene knockdown was assessed by real-time PCR. All the clones used in this study had greater than 70% knockdown.
Isolation of Total RNA and Quantitative Real-Time PCR
Total RNA was isolated from the tissues using TRIzol (Life Technologies) and from the cells using an RNA extraction kit (Qiagen). Total RNA was digested with DNase I (cat. 79254; Qiagen), followed by cleanup procedures using a RNeasy minikit (cat. 74104; Qiagen) as per manufacturer's instructions, and cDNA was made as reported earlier [32] . Quantitative real-time PCR using SYBR Green (BioRad) was performed on a CFX96 Real-Time PCR Detection System (cat. 184-5096; Bio-Rad) for ADM2 and GAPDH using gene-specific primer assays (SA Biosciences). Amplification of GAPDH served as an endogenous control. Reactions were incubated at 958C for 10 min and cycled according to the following parameters: 958C for 30 sec (melt) and 608C for 1 min (anneal/extend) for a total of 40 cycles. Negative control without cDNA was performed to test primer specificity. The relative gene expression was calculated by use of the threshold cycle (C T ) for GAPDH/C T for target gene. For no-RT control, nuclease-free water was used in place of the reverse transcriptase.
cAMP Assay
The cAMP assays for the initial dose-response and antagonist studies were done using 12-well plates, whereas mesenteric artery VSMCs transfected with or without shRAMPs were cultured in 96-well plates in DMEM high glucose with 10% FBS. Cultured cells were starved overnight in serum-free DMEM followed by the addition of 100 lM phosphodiesterase inhibitor, isobutyl-1-methyl-xanthine (IBMX; Sigma) to all wells prior to the specified treatments at 378C under 95% O 2 and 5% CO 2 . After equilibration for 1 min in IBMX, the cells were incubated with specified concentrations of each of the three peptides for 5 min followed by the addition of lysis buffer as per the manufacturer's instructions (Amersham Biosciences, Inc.). Specificity of each of the antagonists, CALCB , ADM , and ADM2 17 , was tested by incubating cells with 100 lM of these antagonists in the presence of these peptides. The dose of antagonists was selected based on our earlier reports [15, 16, 19] . The basal and peptide-stimulated intracellular cAMP levels in VSMCs were measured by radioimmunoassay using cAMP [
125 I] assay system (GE Healthcare Bio-sciences) as per manufacturer's instructions.
Proximity Ligation Assay
In situ PLA is a technology that extends the capabilities of traditional immunoassays to include direct detection of protein-protein interactions with high specificity and sensitivity. Utilizing only a few cells, even transient or weak interactions are revealed in situ and subpopulations of cells can be differentiated. Protein targets can be readily detected and localized with singlemolecule resolution and objectively quantified in unmodified cells and tissues. PLA involves use of two antibodies (rather than a single antibody in immunoassays) raised in different species against the target antigen or antigens of interest. Species-specific secondary antibodies, called PLA probes, each with a unique short DNA strand attached to it, bind to the primary antibodies. When the PLA probes are in close proximity, the DNA strands can interact through a subsequent addition of two other circle-forming DNA oligonucleotides. Every single interaction between the two proteins results in amplification of circularized DNA molecules, which can then be detected as bright fluorescent dots. The amplification of the signal as a fluorescent spot provides a unique capability to study both stable and transient interactions at endogenous expression levels of the target protein(s). Use of two antibodies against different proteins allows for both localization and quantification of protein-protein interactions [33] . PLA was performed using a Duolink II Fluorescence kit (Olink Biosciences) according to manufacturer's instructions. Briefly, cells sparsely grown on 16-well Lab-Tek chamber slides were treated with or without ADM (10 À8 M) for 2 min, fixed using 4% paraformaldehyde, and incubated sequentially with primary antibodies (one monoclonal and one polyclonal) followed by incubation with rabbit plus and mouse minus PLA probes, and finally with ligation and amplification mixtures. Slides were CHAUHAN ET AL.
mounted with coverslips using Duolink II mounting medium and images were observed under fluorescence microscope (U-TV1 X; Olympus) under 203 objective. Images were processed, and red spots were counted using Image-Pro Plus software (Media Cybernetics) in five randomly selected images with a total of 200 cells per replicate. Appropriate negative controls included no primary antibody or Àve IgG isotype of primary antibody. Peptide treatments were done for 2 min based on our preliminary studies that showed that this time was optimal for visualization of receptor associations.
Statistical Analysis
Data sets were analyzed by SigmaPlot 9.0 and Prism GraphPad Software employing appropriate statistical tools. The means of the various groups were analyzed by unpaired t-test or one-way ANOVA and subjected to the NewmanKeuls multiple comparison test or Bonferroni post hoc test. P 0.05 was considered statistically significant.
RESULTS
Relative Effects of CALCB, ADM, and ADM2 in cAMP Generation in Mesenteric Artery VSMCs
VSMCs isolated from rat mesenteric artery were challenged with 1, 10, and 100 nM CALCB, ADM, or ADM2 for 5 min as described in Materials and Methods. As shown in Figure 1 , all three peptides stimulated cAMP generation in a dosedependent manner (P , 0.05). The effect of ADM2 on cAMP production was minimal compared to those of CALCB and ADM, and these effects were observed only at higher doses. CALCB-induced cAMP levels were 8-fold higher than those of ADM2 and 1.4-fold greater than those of ADM, whereas ADM-induced cAMP levels were .5-fold higher than those of ADM2. Thus, the comparative order of efficacy of these three peptides in VSMCs isolated from mesenteric artery is CALCB . ADM . ADM2.
Pharmacological Assessment of RAMP Specificity Involved in cAMP Generation in Response to CALCB, ADM, and ADM2 in Rat Mesenteric Artery VSMCs
Smooth muscle cells isolated from mesenteric artery were challenged with CALCB (1 nM), ADM (100 nM), or ADM2 (100 nM) for 5 min in presence or absence of antagonist (1 lM CALCB 8-37 , ADM , or ADM2 ). The dose of CALCB used in this experiment was 1 nM, as this dose resulted in a significant increase in cAMP production that was more than the highest dose of ADM2 (Fig. 1) . As would be expected, effects of CALCB were blocked by CALCB but not by ADM or ADM2 (Fig. 2) . Surprisingly, ADM effects were blocked by CALCB and ADM2 , whereas ADM was ineffective in blocking ADM-induced increases in cAMP production in VSMCs. To confirm and validate the inability of ADM in blocking the effects of ADM, we tested different doses of ADM 22-52 (10 À6 -10 À4 M) on the relaxation response of ADM in endothelium-denuded rat mesenteric artery. Treatment with ADM 22-52 at all doses was unable to block ADM-induced relaxation in rat mesenteric artery (data not shown). In light of the facts that RAMP1 is not a cofactor for ADM receptor and that CALCB can inhibit RAMP1 and RAMP3-related cAMP production, these data suggest that the majority of ADM effects in this system are mediated by RAMP3, whereas CALCB may function through RAMP1. In addition, the effects of ADM2, although minimal compared to those of CALCB and ADM, are inhibited in the presence of CALCB, ADM, or ADM2 antagonists, suggesting nonselective involvement of either of the RAMPs in ADM2-induced cAMP production in VSMCs.
cAMP Responses to CALCB and ADM in Mesenteric Artery VSMCs Transfected with shRNAs Specific to RAMP2 and RAMP3
As shown in Figure 3A , VSMCs transfected with shRAMP2 and shRAMP3 showed ;80% inhibition in mRNA expression of the target RAMP compared to their scramble controls. Figure 3B shows that both CALCB (10 nM) and ADM (100 nM) stimulated cAMP in the VSMCs transfected with the scramble shRNA used as control. In cells with RAMP2 knockdown, responses for ADM as well as CALCB treatments were similar and significantly higher than the responses observed in scramble (P , 0.05). In cells transfected with shRAMP3, responses to ADM were lower than the levels in shRAMP2 but were still higher than those for shscramble, whereas responses for CALCB still remained elevated (P , FIG. 1 . CALCB, ADM, and ADM2 dose-dependently increase cAMP generation in mesenteric artery VSMC cells. Intracellular cAMP was quantified using radioimmunoassay kit. Data are presented as mean 6 SEM for three replicates and bars with different letters differ significantly among groups (P 0.05).
FIG. 2. Effect of CALCB family peptide receptor antagonists on CALCB-,
ADM-, and ADM2-induced cAMP generation in mesenteric artery VSMCs. As shown, CALCB-induced cAMP generation in mesenteric artery VSMCs is blocked by CALCB , but not by ADM or ADM2 . ADM-induced cAMP increases are blocked by CALCB and ADM2 . ADM2-induced cAMP increases, although relatively small, are blocked by all three antagonists. All antagonists were used at a concentration of 100 lM. Data are presented as mean 6 SEM for three replicates and bars with different letters differ significantly (P 0.05)
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0.05). These observations further suggest that vascular actions of ADM in VSMCs primarily involve RAMP3 rather than RAMP2. Moreover, elevated levels of CALCB-induced cAMP generation in shRAMP2-and shRAMP3-transfected cells suggest increased involvement of CALCRL with RAMP1 in the absence of RAMP2 and RAMP3 to generate CALCB receptor.
Cell Surface Association of CALCRL with RAMPs in Mesenteric Artery Smooth Muscle Cells
In situ PLA was utilized to assess if there is an endogenous cell surface association of CALCRL and different RAMP isotypes in a resting cell and characterize the RAMP isotype that is specific for ADM action in mesenteric artery VSMCs. As described in the methods, PLA is a technology that extends the capabilities of traditional immunoassays to include direct detection of protein-protein interactions with single-molecule resolution represented by fluorescent red spots. PLA demonstrated that RAMP1, RAMP2, and RAMP3 are each associated with CALCRL at very close proximity in the resting state of cells (Fig. 4) . Addition of ADM 10 À8 M to VSMC for 2 min increases the number of red fluorescent spots pertaining to combination of CALCRL and RAMP3 compared to CALCRL and RAMP1 or CALCRL and RAMP2 antibody. As shown, the number of red spots amplified in response to ADM treatment pertaining to combination of CALCRL and ADM antibody is similar to that for CALCRL/RAMP3 combinations, which are significantly higher than the number of red spots obtained with CALCRL/RAMP1 or CALCRL/RAMP2 antibody combinations. This indicates that ADM treatment enhances close associations of CALCRL and RAMP3 compared to CALCRL/RAMP1 or CALCRL/RAMP2 in mesenteric artery VSMCs. Further, association of ADM with CALCRL was significantly inhibited in VSMCs transfected with shRAMP3 and treated with ADM (10 À8 M) ( Fig. 5 ; P , 0.05) compared to the cells transfected with shRAMP2 or shRAMP3.
DISCUSSION
The current study shows that 1) CALCB, ADM, and ADM2 increase cAMP levels in VSMCs consistent with the relative rank order of their reported vasorelaxant effects (being CALCB . ADM . ADM2); 2) CALCB effects are blocked only by CALCB antagonist (CALCB ) and ADM effects are blocked by CALCB and ADM2 antagonist (ADM2 ) but not by ADM antagonist (ADM ), whereas ADM2 effects are blocked by all three antagonists; 3) inhibition of ADM-induced cAMP generation in VSMCs is more pronounced when RAMP3 mRNA expression in knocked down but not when RAMP2 is knocked down; 4) CALCB-induced cAMP generation is further increased when either RAMP2 or RAMP3 mRNA expression is knocked down, suggesting that absence of RAMP2 or RAMP3 results in an increased association of CALCRL with RAMP1 in response to CALCB in VSMCs; 5) cell surface associations of CALCRL and RAMPs are present in resting cells; and 6) ADM treatment increases the proximal association of ADM with CALCRL and CALCRL with RAMP3; however, knockdown of RAMP3 expression disrupts this association in VSMCs. Taken together with our previous reports, we suggest that CALCB, ADM, and ADM2 stimulate cAMP in VSMCs, with their order of potency being CALCB . ADM . ADM2, and that CALCRL/RAMP1 mediates CALCB effect, CALCRL/RAMP3 is specific for ADM, and ADM2 effects may involve RAMP1, RAMP2, or RAMP3.
Because of the structural similarities, CALCB, ADM, and ADM2 bind and activate the same G protein-coupled receptor, CALCRL, to elicit similar yet distinct physiological responses in a variety of cell types [13-19, 28, 32, 34-36] . The phenotype of ADM-null mice [37] is categorically different than that of CALCB-null mice [38] [39] [40] , as ADM-null mice show extreme hydrops fetalis whereas CALCB-null mice are normal in cardiac development, suggesting that these peptides play distinct roles in vivo. Similarly, we have previously demonstrated that CALCRL and RAMPs are expressed in mesenteric artery and that although all three peptides cause relaxation of isolated rat mesenteric artery segments with an increased sensitivity during pregnancy, they exhibit different potencies in the presence or absence of endothelium in mesenteric artery segments, which are further enhanced in pregnancy [13, [15] [16] [17] [18] [19] 28] . We reported that in rat mesenteric arteries, the pD2 value (Àlog EC 50 of the molar concentration of the agonist) for ADM-induced relaxation was 7.49 6 0.08 in pregnant compared to pD2 ¼ 7.13 6 0.15 in nonpregnant at diestrus [13] ; for CALCB the pD2 values were 8.51 6 0.09 in pregnant compared to 7.61 6 0.09 in nonpregnant mesenteric artery [41] whereas for ADM2-induced vasorelaxation the pD2 values were 7.07 6 0.1 in pregnant compared to pD2 ¼ 6.46 6 0.2 in nonpregnant at diestrus [18] , thus suggesting a rank order of potency for these peptides as CALCB . ADM . ADM2 in these vessels. Although several studies in animals as well as humans demonstrate a potential role for ADM in pregnancy and cardiovascular functions, the mechanisms of ADM action in these biological functions are not clearly understood because of the shared receptor system and existing overlap in the biological activities of CALCB, ADM, and ADM2. A recent study showed vascular endothelial cell deformities in ADM and RAMP2 knockdown mice that are embryonically lethal, suggesting that endothelial effects of ADM are primarily mediated through RAMP2 [42] . However, the direct contribution of smooth muscle cells in the vascular actions of ADM, the relative potency and pharmacological characteristics of these three peptides in VSMCs, and the specific receptor heterodimer that mediates the effects of ADM in VSMCs are not known. Therefore, in this study we assessed the comparative pharmacologic potencies of these peptides in stimulating cAMP generation as a measure of the contribution   FIG. 4 . PLA showing effect of ADM on association of ADM with CALCRL and CALCRL with RAMPs. PLA was performed in mesenteric artery VSMCs treated with or without ADM. As shown, ADM treatment caused increases in the number of red spots, indicating ADM-induced increase in association of ADM with CALCRL and CALCRL with RAMP3 on the cell surface compared to CALCRL with RAMP1 or RAMP2; blue is the nuclear staining with 4 0 ,6-diamidino-2-phenylindole. Negative controls included no primary antibody or Àve IgG isotype of primary antibody. Bar graph shows the number of spots per cell that correspond to number of associations or heterodimer complexes for ADM with CALCRL and each of the RAMPs with CALCRL. Asterisks indicate significant differences compared to control, P , 0.05. Original magnification 3200; n ¼ 3.
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of smooth muscle cells in the vascular response elicited by these three peptides in mesenteric artery, and characterized the receptor phenotype that mediates ADM-specific effects in mesenteric artery VSMCs.
Similar to our earlier studies with segments of mesenteric arteries [13, 15-19, 28, 41] , all three peptides stimulated an increase in cAMP production in VSMC isolated from mesenteric artery, with the magnitude of increases that follows the rank order of their potency as CALCB . ADM . ADM2 ( Fig. 1; P , 0.05 ). This observation further strengthens our previous study showing that the majority of CALCB effects in the mesenteric artery are mediated through direct effects of CALCB on VSMCs, ADM effects are through both endothelium and VSMCs, and ADM2 effects are primarily endothelium dependent in the mesenteric artery [15] [16] [17] [18] . Pharmacological evaluation of CALCB-, ADM-, and ADM2-induced cAMP generation performed in the presence of their receptor antagonists (Fig. 2) shows that CALCB-mediated effects on cAMP generation are blocked only by CALCB antagonist (CALCB ) and not by ADM or ADM2 , suggesting a potential involvement of CALCRL/RAMP1 interaction in the formation of CALCB receptor in VSMCs. In our earlier studies using isolated segments of mesenteric artery, we showed that ADM-induced relaxation in endothelium-denuded mesenteric artery is blocked by the antagonist ADM [13] , which has been suggested to act on both ADM 1 and ADM 2 receptors, where ADM 1 receptor consists of CALCRL/RAMP2 heterodimer and ADM 2 receptor consists of CALCRL/RAMP3 [43] . However, with ADM 22-52 capable of blocking the effects of CALCRL/RAMP2 as well as CALCRL/ RAMP3 receptor complexes in segments of mesenteric artery, the specific RAMP involved in ADM-induced effects in smooth muscle cells is not known. Figure 2 shows that in VSMCs, ADM-induced cAMP generation is blocked by CALCB and ADM2 but not by ADM 22-52. Previous studies have suggested that CALCB can block the actions associated with both RAMP1 and RAMP3 and ADM2 can block actions associated with all three RAMPs, whereas ADM 22-52 can block both RAMP2-and RAMP3-associated actions of ADM [15, 44] . Because ADM was unable to block ADM actions in VSMCs, and both CALCB and ADM2 were able to block ADM actions, we speculated that ADM acts through RAMP3-associated mechanisms in these cells. This notion is further confirmed in Figure 3B , where ADM-induced cAMP generation in VSMCs transfected with shRAMP3 was significantly lower compared to that in the cells transfected with shRAMP2. However, although ADMinduced cAMP levels in shRAMP3-transfected cells were lower than those in shRAMP2-transfected cells, these levels were higher than the control shscramble. In addition, knockdown of RAMP2 and RAMP3 , instead of being inhibitory or ineffective, further enhanced the CALCB-induced cAMP generation in VSMCs, suggesting a potential increase in CALCRL/RAMP1 complex in absence of RAMP2 or RAMP3 resulting in an increased CALCB-induced cAMP levels. This is in accordance with the studies reported by Buhlmann et al. [45] , where they show that although endogenous RAMP2 is sufficient to reveal an ADM receptor in osteoblast-like cells, CALCRL-RAMP2-mediated effects of ADM receptor are blocked in the presence of RAMP1 and CALCB receptor is generated, suggesting involvement of competitive interactions of different RAMPs with CALCRL. It would be worthwhile to assess in cells/tissues with pathophysiological conditions if CALCB effects are enhanced where ADM or ADM-specific RAMPs are inactive/absent, to facilitate an ADM fail-safe mechanism.
Studies using overexpression of CALCRL and RAMP proteins with different tags to facilitate protein visualization have shown that a significant amount of CALCRL or RAMP is present on the cell surface, thus arguing against the chaperone function of RAMPs [46] [47] [48] . However, there are no reports showing direct evidence of physical presence or expression of CALCRL/RAMP complex on the cell surface in response to the ligand activity. Using state-of-the-art PLA, the current study further provides evidence for the involvement of CALCRL/RAMP3 heterodimer in ADM-mediated effects in VSMC (Fig. 4) . PLA assays show that addition of ADM peptide stimulates the formation and cell surface expression of CALCRL/RAMP3 receptor heterodimer in VSMCs and confirm previous reports suggesting that cell surface association of CALCRL with all three different RAMPs exists even in a resting state (untreated) of the cells. Further, in VSMCs transfected with shRAMP1, shRAMP2, or shRAMP3, we assessed if blocking the expression of RAMP1, RAMP2, or RAMP3 would inhibit the cell surface association of ADM with CALCRL resulting from lack of cell surface expression of ADM-specific CALCRL/RAMP complex; VSMCs were transfected with shRAMP1, shRAMP2, or shRAMP3 to inhibit the endogenous expression of RAMPs. As shown in Figure 5 , the number of ADM receptors is significantly decreased in shRAMP3-transfected cells compared to cells transfected with shRAMP1 or shRAMP2. The inhibitory effect of RAMP3 and very minimal effect of RAMP2 knockdown on the number of red spots suggest primary involvement of RAMP3 in facilitating formation of a functional receptor for ADM in VSMCs. Therefore, we suggest that RAMP3 is the primary receptor activity-modifying protein in mediating vascular actions of ADM in mesenteric VSMCs. However, in Figure  2 , where ADM-induced cAMP levels in VSMCs with RAMP3 knockdown are significantly lower than the cells with RAMP2 knockdown but remain higher compared to the shscramble (control), it cannot be ruled out that because of competitive binding, CALCRL may associate with RAMP2 in the absence of RAMP3 [45] . The current study is the first of its kind to demonstrate a primary role for RAMP3 in forming receptor heterodimer that is specific for ADM actions in vascular smooth muscle cells. Further, the fact that knocking down of RAMP2 or RAMP3 was not only ineffective in blocking CALCB-induced cAMP generation in VSMCs, but instead caused an increase in cAMP production, suggests that absence of one isotype of RAMP may allow for recruitment of the other RAMP isotypes to associate with CALCRL, resulting in a shift of ligand binding that is specific to the newly generated receptor complex. Thus, it is likely that the differential expression of RAMP isotypes on cell surface may results in a competitive association of RAMPs with CALCRL in VSMCs in response to CALCB family peptides in mesenteric artery.
In summary, all three peptides induce cAMP generation in VSMCs isolated from mesenteric artery, and the order of their potency is CALCB . ADM . ADM2. The pharmacological and biochemical characterization of ADM receptor phenotype in smooth muscle cells suggest that receptor heterodimer CALCRL and RAMP3 mediate the effects of ADM and CALCRL/RAMP1 mediates the CALCB effects in smooth muscle cells. Although ADM2-induced cAMP generation in VSMC was minimal, pharmacological evaluation suggests involvement of CALCRL/RAMP1 or CALCRL/RAMP3 receptor complex in ADM2-induced cAMP production. Furthermore, we suggest existence of competitive binding of CALCRL with RAMPs, and in the absence of RAMP2 or RAMP3, effects of CALCB are amplified because of increased CALCRL/RAMP1 association. This allows us to speculate that this phenomenon could form the basis for increased sensitivity of CALCB observed in pathological conditions such as migraine [49] , where defective expression of RAMP2 and RAMP3 and/or their association with CALCRL could be the underlying cause of the pathology.
